The sequence relations between Kirsten murine sarcoma virus (Ki-SV), Harvey murine sarcoma virus (Ha-SV), and a rat endogenous 30S RNA were studied by electron microscope heteroduplex analysis. The sequence relationships between the sarcoma viruses and their respective parental murine leukemia viruses (Kirsten and Moloney murine leukemia viruses), as well as between the two murine leukemia viruses, were also studied. The only observed nonhomology feature of the Kirsten murine leukemia virus/Moloney murine leukemia virus heteroduplexes was a substitution loop with two arms of equal length extending from 1.80 ± 0.18 kilobases (kb) to 2.65 ± 0.27 kb from the 3' end of the RNA. It is believed that this feature lies in the env gene region of the viral genomes. The Ha-SV and Moloney murine leukemia virus genomes (respective lengths, 6.0 and 9.0 kb) were homologous in a 1.0 ± 0.05-kb region at the 3' end and possibly over a 200-nucleotide region at the 5' ends; otherwise, they were nonhomologous. Ha-SV and Ki-SV (length, 7.5 kb) were homologous in the first 4.36 ± 0.37-kb region from the 3' end and in a 0.70 ± 0.15-kb region at the 5' end. In between, there was a nonhomology region, possibly containing a short (0.23-kb) region of partial or total homology. The heteroduplex analysis between rat endogenous 30S RNA and Ki-SV shows that there are mixed regions of sequence homology and nonhomology at both the 5' and 3' ends. However, there is a large (4-kb) region of homology between Ki-SV and the rat 30S RNA in the center of the genomes, with only a small nonhomology hairpin feature. These studies help to define the regions of homology between the Ha-SV and Ki-SV genomes with each other and with the rat endogenous 30S RNA. These regions may be related to the sarcoma genicity of the viruses. In particular, the 0.7-kb region of homology of Ha-SV with Ki-SV at the 5' ends may be related to the formation of a 21,000-dalton phosphoprotein in cells transformed by either virus.
lated from tumors induced by inoculation of Kirsten murine leukemia virus (Ki-MLV) and Moloney murine leukemia virus (Mo-MLV) into rats (8, 9) . The sarcoma virus genomes are defective in replication, but they can induce solid tumors in animals and transform fibroblasts in tissue culture (1, 11, 15) . A number of studies have demonstrated that the genomes of these sarcoma viruses contain some sequences homologous to the respective parental leukemia viruses and sequences derived from rat genetic information (2, 5, 13, 15, 16) . Recent studies have shown that this rat genetic information is expressed in a variety of rat cells as an approximately 30S RNA (14, 17, 20) .
The location of the mouse and rat genetic information in Ki-SV and Ha-SV has been studied by oligonucleotide fingerprinting (18, 19) .
For Ki-SV, the residual Ki-MLV-related sequences were located in the terminal 1,000 bases at the 3' end of the virus and in a short stretch at the very 5' end. Between the parental mouse leukemia virus genetic information of Ki-SV lies a large insert of approximately 6.5 kilobases (kb), which was shown to contain rat-derived sequences throughout its entire length. In Ha-SV, 752 a large portion of the rat-related sequences was shown to be homologous to the rat insert in Ki-SV. In this paper, the sequence relationships among Ha-SV, Ki-SV, and the rat endogenous RNA were studied by electron microscopic heteroduplex analysis. The sequence relationships between the sarcoma-viruses and their respective parental murine leukemia viruses, as well as between the two murine leukemia viruses, were also studied. More detailed maps were determined, which more precisely localize the regions of homology and nonhomology among the viruses.
MATERLALS AND METHODS Ha-SV RNA was prepared from Ha-SV/Mo-MLV pseudotype virions released from a Fisher rat embryo cell (FRE clone 2) transformed by Ha-SV (18) . This culture produced a stable 15:1 excess of Ha-SV over Mo-MLV. Viruses were harvested at 2-h intervals and purified by banding on a sucrose density gradient. The pseudotype virions were disrupted in TNE buffer (0.01 M Tris-hydrochloride [pH 7.4], 0.1 M NaCl, and 1 mM EDTA) containing 1% sodium dodecyl sulfate and 0.2% (vol/vol) diethylpyrocarbonate. 60 to 70S viral RNA was isolated by sedimentation through a 15 to 30% sucrose gradient in TNE buffer at 17 ,000 rpm in an SW27 rotor for 17 h at 20°C. Polyadenylated [poly(A)+] RNA was prepared from heat-dissociated 60 to 70S RNA as previously described (6) .
The HTP cells containing high levels of rat endogenous 30S RNA were originally derived from a chemically induced uterine carcinoma of a Sprague-Dawley rat. The endogenous 30S RNA was rescued by superinfection with woolly leukemia virus (17) . This culture produces equal amounts of 30S RNA and woolly leukemia virus. The pseudotype virions were harvested at 2-h intervals. The endogenous rat 30S RNA in the pseudotype virions was isolated by the same procedure described for Ha-SV RNA.
Ki-MLV was propagated on SC-1 mouse cells (19) . The 70S RNA was isolated by published procedures (10) . Ki-SV was harvested from a transformed NRK line (no. 58967) which produces a 50-fold excess of Ki-SV over its helper (11) . The passage history of this line has been described previously (13) .
The sample of Mo-MLV complementary DNA (cDNA) that has been described previously (6) was used in the present study. The lengths of these molecules, as determined by electron microscopy, were distributed approximately uniformly between 6 and 10 kb. cDNA of Ki-SV was synthesized by published procedures (10) . The purified cDNA was separated by alkaline sucrose gradient sedimentation, and only the DNA equal to or larger in length than simian virus 40 (SV40) DNA was used for this study. The fraction of molecules in different length intervals in the Ki-SV cDNA preparation were estimated by electron microscopic observation to be as follows: 10%, 4 to 5 kb; 13%, 5 to 6 kb; 30%, 6 to 7 kb; 2%, 7 to 8 kb; 20%, 8 to 9 kb; 7%, 9 to 10 kb. Some of the cDNA in the 8-to 9-kb interval may be Ki-SV (RNA genome length, 7.5 + 0.3 kb by gel electrophoresis); the rest is the helper Ki-MLV.
RNA:cDNA hybridization was carried out as follows. A mixture of 1.5-,ug/ml 30 to 35S RNA and I-,ug/ ml cDNA in 80% formamide-0.4 M NaCl-0.01 M PIPES [piperazine-N,N'-bis(2-ethanesulfonic acid)]-0.001 M EDTA, pH 6.3, was incubated at 50°C for 0.5 h. Samples were incubated with SV40 bromodeoxyuridine (BUdR) for mapping the poly(A) ends of the RNA (4) . From electron microscopy, we estimated that the lengths of the poly(BUdR) tails were less than 0.1 kb.
Heteroduplexes were spread from 60% formamide for electron microscopy as described previously (6) .
RESULTS
Molecular length and composition of RNA preparations. Electrophoresis in 1% agarose-5 mM CH3HgOH gels (3) showed that the Ha-SV RNA preparation contained two discrete bands with molecular lengths of 6.0 ± 0.3 and 9.0 ± 0.5 kb, corresponding to the sarcoma and the helper Mo-MLV components, respectively (Fig. 1, lane C) . The Ki-SV RNA preparation contained bands with lengths of 7.5 ± 0.3 and 9.0 ± 0.5 kb, corresponding to the sarcoma and the helper Ki-MLV components, respectively (Fig. 1, lane B) . The rat endogenous viral 30S RNA preparation had two bands with molecular lengths of 8.0 ± 0.3 and 9.0 + 0.5 kb, corresponding to the rat endogenous 30S RNA and its helper woolly leukemia virus, respectively (Fig. 
1, lane G).
Ki-MLV RNA/Mo-MLV cDNA heteroduplexes. Heteroduplexes were prepared as described above and spread from 60% formamide. A typical heteroduplex molecule is shown in Fig.  2a . A schematic representation of the heteroduplex structure, with a summary of the data, is given in Fig. 3 One important reservation about the interpretation of the heteroduplex structure shown in Fig. 2a should be noted. Gel electrophoresis showed that the Ki-MLV RNA preparation contained some full-length RNA, but a significant mass fraction of broken molecules. Furthermore, not all of the cDNA molecules were of full length. Therefore, the number of heteroduplex molecules with both strands intact near the 5' end of the RNA was less than that of heteroduplexes with the 3'-proximal strands intact. Many heteroduplexes which appeared in the electron microscope to be duplex from the substitution loop to the 5' end of the genome were seen. However, single-strand RNA or DNA versus RNA:DNA hybrid discrimination in these electron micrographs was not always unambiguous. It is therefore possible that some small nonhomology features near the 5' end of these heteroduplexes may have escaped detection.
Ha-SV RNA/Mo-MLV cDNA heteroduplexes. A typical heteroduplex structure is shown in Fig. 2b . A region of homology with a length of 1.0 ± 0.05 kb (n = 80) at the 3' end of the RNA and two long single-strand arms could be seen. In three such molecules, the two long single-strand arms came together at their distal ends in what appeared to be a duplex region with a length of about 200 nucleotide pairs or less, and the two single-strand arms were of the correct length to be assigned to full-length Ha-SV RNA and Mo-MLV cDNA. The proposed heteroduplex structure is shown in Fig. 3b . The number of structures observed was not sufficient to prove the interpretation that Ha-SV and M-MLV share a very short homology region at the 5' end. Therefore, this proposed homology region is shown as dotted lines.
For reasons explained below, we believe that the Ki-SV/Ki-MLV heteroduplex should have a structure similar to that of Ha-SV/Mo-MLV. Observations of heteroduplexes with large nonhomology loops and small duplex regions, such as that shown in Fig. 2b , require full-length molecules; however, because a satisfactory, unbroken Ki-MLV RNA preparation was not available, we were unable to obtain decisive results.
Ha-SV RNA/Ki-SV cDNA. When heteroduplex preparations were spread from 60% formamide, two types of molecules were seen with approximately equal frequency. Micrographs are shown in Fig. 2c and d, and schematic representations of the structures are shown in Fig. 3cA and B. In both cases, there was a duplex region with a length of 4.36 ± 0.37 kb (n = 46) at the 3' end and a duplex segment with a length of 0.70 ± 0.15 kb (n = 46) at the 5% end of the RNA. Between these two duplex segments there was a region of nonhomology. In one case, it appeared as a completely open substitution loop with arms with lengths of 2.55 ± 0.30 kb (n = 26) and 1.07 ± 0.28 kb (n = 26) (Fig. 3cA) . In about 80% of the structures of this type, there was a hairpin structure in the middle of the shorter arm with a measured length of 0.34 kb pairs. We observed an approximately equal number of molecules with the structure shown in Fig. 3cB . In this case, the nonhomology region consisted of two substitution loops with the dimensions shown in the figure which were separated by a duplex segment with a length of 0.23 ± 0.04 kb (n = 20). The longer arms of the substitution loops shown in Fig. 3c were assigned to Ki-SV, to make the heteroduplex data con- (Fig. 3cA) to those with the duplex segment in the middle (Fig. 3cB) Fig. 3cB is frequently dissociated under the spreading conditions used, leading to the structure shown in Fig. 3cA . The hairpin structure was observed for molecules with the structure shown in Fig. 3cA but not for that shown in Fig. 3cB . The possibility of forming such a hairpin would decrease the probability that a structure of the type shown in Fig. 3cA would be converted to one like that shown in Fig. 3cB .
Rat endogenous 30S RNA/Ki-SV cDNA. Several different kinds of heteroduplex structures were observed. Electron micrographs of two of them are shown in Fig. 2d and e. Representations of the several heteroduplex structures are shown in Fig. 4 . Because of the complexity of the results, the discussion is divided into separate sections for different regions of the genome.
(i) 5' end. Four different kinds of heteroduplex structures were observed at the end corresponding to the 5' end of the RNA; these are labeled as Fig. 4a, b, c, and d . In all cases there was a relatively large substitution loop with arms a'l = 1.80 ± 0.26 kb (n = 54) and a, = 0.62 ± 0.2 kb (n = 54). The lengths of these features were the same regardless of whether molecules were ofthe type shown in Fig. 4a, b, c, or d . Proceeding toward the 5' end, in Fig. 4a , b, and c there was a short duplex d3 with a length of 0.23 ± 0.05 kb (n = 22). In the structure shown in Fig. 4a , proceeding from the duplex d3 toward the 5' end, there was a substitution loop with arms of lengths b1 = 0.51 ± 0.18 kb (n = 6) and b'i = 0.46 ± 0.19 kb (n = 6). The 5' end of the heteroduplex appeared as a duplex d4 with a length of 0.31 ± 0.19 kb (n = 6). In the structure shown in Fig. 4b , the duplex region d3 was joined to a loop b with a total length of 1.54 ± 0.07 kb (n = 5). A plausible interpretation of this structure is that it was similar to that shown in Fig. 4a , but with a duplex stem at the end that was too short to be seen by electron microscopy. In the structure shown in Fig. 4c , the duplex segment d3 was terminated by a single-strand fork. The fourth class of structure was a segment d5 with a length of 0.68 ± 0.25 kb (n = 54) and no observed sequence nonhomology features. The presence of these four classes of molecules may indicate that the rat endogenous 30S RNA is heterogeneous in sequence, but it is also possible that the different structures shown in Fig. 4a , b, c, and d all arose from heteroduplexes with a single RNA sequence. For example, there may have been partial sequence mismatch in the d4 duplex region in the structure shown in Fig. 4a . It could be opened up under the spreading condition and give rise to the b loop in the structure shown in Fig. 4b , with a duplex region with a length of fewer than 50 nucleotides at the very 5' end. If the b loop opened completely or if the RNA or the cDNA or both were not long enough, the structure shown in Fig. 4c was observed. When the RNA or the cDNA or both were not long enough to cover the region d3, the structure shown in Fig. 4d could be observed. It is also possible that the structures shown in Fig. 4a, b , and c were all heteroduplexes of the Ki-SV cDNA with a single 30SRNA sequence, but the structure shown in Fig. 4d was another class of molecule, where there was a sequence homology region with a length of 0.68 kb at the very 5' end ( Fig. 4g , h, and i. In the structures shown in Fig. 4g , the substitution loop had arms with lengths ao = 1.35 ± 0.50 kb (n = 15) and a'o = 0.50 ± 0.43 kb (n = 15), followed by a duplex segment do with a length of 0.35 ± 0.25 kb (n = 15). This length included the poly(A) at the 3' end of the viral RNA and the BUdR tails on the label. In the structure shown in Fig. 4h , there were two singlestrand arms, but no duplex segments at the 3' end; in the structure shown in Fig. 4i , there was only a duplex region. Again, this may reflect heterogeneity in the RNA population, but the structures shown in Fig. 4h and i could also be variations of the structure shown in Fig. 4g . Since the do region included the duplex regions formed by the poly(A) end of the RNA and the poly(BUdR) tail of the label, the sequence homology region between cDNA and RNA in do may be very short. It could be opened up to give the structure shown in Fig. 4h . Heteroduplex molecules with broken cDNA at the region corresponding to the 3' end of the RNA would give rise to the structure shown in Fig. 4i . Fingerprinting data (19) suggest that Ki-SV and its parental virus Ki-MLV are homologous over a region of about 1 kb at the 3' end, but not homologous with the rat endogenous 30S RNA in this region. Therefore, it was necessary to assign the segment a'o to the rat endogenous 30S RNA. To be consistent with the molecular (a) 31, 1979 ) (i weights determined by gel electrophoresis, we then assigned a, and bi to Ki-SV and a', and b'l to rat endogenous 30S RNA.
Finally, it should be noted that hybridization studies have shown that there is no detectable sequence homology among the helper RNA of woolly leukemia virus, the rat 30S preparation, and Ki-SV (19) . Therefore, none of the complex structures observed could be attributed to the woolly leukemia virus RNA component.
DISCUSSION
It is important to reemphasize the scope and limitations of heteroduplex analysis. Heteroduplexes are normally spread under conditions that are only moderately denaturing. Regions which appear as nonhomologous (insertion or deletion loops or substitution loops) are regions where there is little or no sequence homology between the two genomes. However, regions which appear as a duplex may be mismatched by an amount of 10 to 25% (6) ; that is, they are certainly related in sequence, but not necessarily identical. Examples are known where by oligonucleotide fingerprinting patterns two type C RNA viral genomes are greatly different, but by heteroduplex analysis they show many regions of homology (6) . The advantage of heteroduplex analysis is that it maps the regions of partial or complete sequence homology and those of nonhomology rather precisely along the genome.
It should also be noted that under the spreading conditions used here, single-stranded and double-stranded nucleic acids cannot be distinguished unambiguously all of the time. Consequently, certain structures cannot be fully interpreted with confidence.
Our present results may be summarized as shown in Fig. 5 and as follows.
(i) The major sequence nonhomology region between Ki-MLV and Mo-MLV extends from 1.8 to 2.55 kb from the 3' end (Fig. 3a) . On the basis of previous mapping studies of murine viruses, this region can be assigned to the env gene (6, 7, 12) .
It has further been suggested in studies of the heteroduplexes of mink cell focus-inducing viruses with their parental murine leukemia viruses (6) that the 3' terminus of the 1.9-kb gene for the 70,000-molecular-weight nonglycosylated polypeptide precursor env gene product lies at 1.4 kb or closer to the 3' end of the RNA. Therefore, the nonhomology loop corresponds to an internal part of the polypeptide chain or a region including the amino terminus. It is interesting, and possibly not merely coincidental, that the position and length of the nonhomology region of Ki-MLV and Mo-MLV are approximately the same as those for the several mink cell focus-inducing viruses with their parental Mo-MLV's.
(ii) Our measurements show that Ha-SV and its parental virus, Mo-MLV, are homologous in a region with a length of 1.0 kb at the 3' end (Fig. 3b) . A previous oligonucleotide fingerprinting study has indicated that the same is true for Ki-SV and Ki-MLV (19) . We reported above a few observations which suggest but do not prove that there may be a short region of homology between Ha-SV and Mo-MLV at the 5' ends.
(iii) Figure 3c shows that Ki-SV and Ha-SV are related in sequence everywhere except for a nonhomology region starting 0.7 kb from the 5' end and extending 2.55 kb on the Ki-SV genome and 1.07 kb on the Ha-SV genome. Within this region of sequence nonhomology, there is a 0.23-kb region of homology which also corresponds to a hairpin structure in the Ha-SV genome (Fig.   3c ).
The genetic composition of these two sarcoma viruses confirms earlier studies, showing that neither virus codes for any proteins of the paren- tal mouse type C viruses. No sequences are present in either Ki-SV or Ha-SV which code for gag, pol, or env gene products of either Ki-MLV or Mo-MLV. The genetic structure of both of these viruses suggests that only the very 5' end and 3' 1 kb of helper-independent type C viruses are necessary to provide the signals needed to propagate defective forms of type C retroviruses as pseudotypes. The structure suggests the possibility that perhaps any gene of the proper length could be inserted between these 5' and 3' ends and then become a transmissible retrovirus-like genome.
Furthermore, the structure suggests that any proteins coded for by Ki-SV or Ha-SV must derive from the insert between the 5' and 3' mouse type C sequences.
One important result of the heteroduplex studies is that there is a 0.7-kb region ofsequence homology between Ki-SV and Ha-SV at the 5' ends of the genomes. This region was not detected in a previous Ti oligonucleotide fingerprinting study (18) . It is larger by at least 0.5 kb than the Mo-MLV-derived regions of the genomes at the extreme 5' end.
Recent studies have shown that by using the antisera from animals bearing tumors induced by Ha-SV, a protein with a molecular weight of 21,000 is present in cells transformed by Ha-SV (T. Y. Shih, M. 0. Weeks, H. A. Young, and E. M. Scolnick, Virology, in press). A protein of the same size has also been found in cells transformed by Ki-SV (Shih et al., Virology, in press). This Ki-SV p21 protein cross-reacts immunologically with antisera from Ha-SV-induced tumors. Polypeptides of the same molecular weight and antigenic properties are found as in vitro translational products in systems programmed with the two viral RNAs (Shih et al., Virology, in press). (It may be noted that the p21 protein resulting from in vitro translation of Ki-SV RNA was not recognized in an earlier study [18] ; the p50 Ki-SV translation product observed in that study is not antigenically related to the p21 proteins [Shih et al., Virology, in press].) The efficiency of in vitro translation for the p22 proteins appears to be greater for full-length viral RNAs than for shorter ones, suggesting that the proteins are coded near the 5' end of the RNA molecules. The minimum coding sequence for a protein with a molecular weight of 21,000 is about 0.6 kb. The 5' end sequence homology region between Ki-SV and Ha-SV is long enough to code for such proteins and could be the coding region. Nevertheless, these experiments do not rule out the possibility that the antigenically related p21's of Ki-SV and Ha-SV are coded by sequences other than the homology region at the 5' end and possibly within the 4.36-kb region of sequence homology near the 3' end.
(iv) As discussed in detail above, the interpretation of the rat endogenous 30S RNA/Ki-SV heteroduplexes is complicated because of the uncertainty as to whether the rat endogenous RNA is homogeneous in sequence. Nevertheless, the overall structural features indicate that there are mixed regions of sequence homology and nonhomology at both the 5' and the 3' ends. Furthermore, there is a large (4-kb) region of homology between the Ki-SV and the rat 30S RNA in the center of the genomes, with only the very small nonhomology feature B. Because the rat 30S-related genes are present as multiple copies in the rat genome, the regions of nonhomology are of interest since they may reflect the fact that each virus was formed by recombination with related but distinct copies of the 30S-related genes (19) .
The present results show that the 3.36-kb sequence homology region between Ki-SV and Ha-SV, starting 1.1 kb from the 3' end of the genome, is present in the rat endogenous 30S RNA, with the exception of the 0.2-kb feature B. We cannot determine unambiguously whether the 0.7-kb sequence homology region between Ki-SV and Ha-SV at the very 5' end of the genomes is also present in the rat endogenous 30S genome. Therefore, further study is needed to identify the regions of the Ha-SV and Ki-SV genomes which code for the p21 proteins and to determine whether these sequences are present in the rat endogenous 30S RNA.
